The molecular mechanisms of regulation of the genes involved in the biosynthesis of cysteine are poorly characterized in Bacillus subtilis and other gram-positive bacteria. In this study we describe the expression pattern of the B. subtilis cysH operon in response to sulfur starvation. A 6.1-kb polycistronic transcript which includes the cysH, cysP, ylnB, ylnC, ylnD, ylnE, and ylnF genes was identified. Its synthesis was induced by sulfur limitation and strongly repressed by cysteine. The cysH operon contains a 5 leader portion homologous to that of the S box family of genes involved in sulfur metabolism, which are regulated by a transcription termination control system. Here we show that induction of B. subtilis cysH operon expression is dependent on the promoter and independent of the leader region terminator, indicating that the operon is regulated at the level of transcription initiation rather than controlled at the level of premature termination of transcription. Deletion of a 46-bp region adjacent to the ؊35 region of the cysH promoter led to high-level expression of the operon, even in the presence of cysteine. We also found that O-acetyl-L-serine (OAS), a direct precursor of cysteine, renders cysH transcription independent of sulfur starvation and insensitive to cysteine repression. We propose that transcription of the cysH operon is negatively regulated by a transcriptional repressor whose activity is controlled by the intracellular levels of OAS. Cysteine is predicted to repress transcription by inhibiting the synthesis of OAS, which would act as an inducer of cysH expression. These novel results provide the first direct evidence that cysteine biosynthesis is controlled at a transcriptional level by both negative and positive effectors in a gram-positive organism.
Many bacteria can use sulfate as their principal source of sulfur. Inorganic sulfate is reduced to sulfide by a sequence of enzymatic steps involving ATP sulfurylase, adenosine 5Ј-phosphosulfate kinase, 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) sulfotransferase, and sulfite reductase (for a review, see reference 12 ). An O-acetyl-L-serine (OAS) (thiol)-lyase incorporates the sulfide, forming the amino acid cysteine. The assimilatory reduction of sulfate and formation of cysteine have been extensively studied in Escherichia coli and Salmonella enterica serovar Typhimurium (12) . At least 22 genes required for the transport and reduction of sulfate and its incorporation into cysteine have been identified in these bacteria. Full expression of these genes requires a positively regulatory protein encoded by cysB, sulfur limitation, and a signal of sulfur limitation provided either by O-acetyl-L-serine or N-acetyl-L-serine (NAS), both of which function as internal inducers. CysB protein binds just upstream of the Ϫ35 region of positively regulated promoters, where in the presence of inducers it facilitates formation of a transcription initiation complex. Sulfide and thiosulfate provide additional regulation, acting as anti-inducers by inhibiting the binding of CysB protein to cys promoters (12) .
In contrast to the knowledge of cysteine biosynthesis in E. coli and S. enterica serovar Typhimurium, there is little information regarding the molecular mechanisms of regulation of the genes involved in the biosynthesis of cysteine in Bacillus subtilis and other gram-positive bacteria. We have previously reported the isolation of the cysH gene of B. subtilis, which encodes PAPS sulfotransferase and whose expression is repressed by cysteine and sulfide and induced by sulfur limitation (14) . Analysis of the completed B. subtilis genome revealed that cysH lies in a 6,074-bp fragment, together with six open reading frames (ORFs) (Fig. 1) . Three of them belong to the cysteine biosynthetic pathway: cysP encodes a sulfate permease (15) , while ylnD and ylnF are involved in the synthesis of siroheme, a cofactor of sulfite reductase (9) . The other two ORFs of the operon encode proteins with homology with enzymes of the cysteine biosynthetic pathway: the product of ylnB is similar to sulfate adenylyltransferase, and that of ylnC is similar to adenosine-5-phosphosulfate kinase. The deduced amino acid sequence of the product of ylnE displays homology with the CbiX protein of Bacillus megaterium, a putative precorrin-2-cobalt-chelatase involved in cobalamin biosynthesis (25) , and with NirR of Staphylococcus carnosus (20) .
Grundy and Henkin (7) reported the presence of 11 copies of a highly conserved motif in the genome of B. subtilis. In all cases, this motif was located in the leader region of putative transcriptional units, upstream of coding sequences that included genes involved in methionine or cysteine biosynthesis. This motif includes an element resembling an intrinsic transcriptional terminator, suggesting that regulation might be controlled at the level of premature termination of transcription. On the basis of mutational analysis of the leader region of the methionine-regulated gene yitJ, Grundy and Henkin (7) proposed a model in which the 5Ј portion of the leader forms an antiantiterminator structure, which sequesters sequences required for the formation of an antiterminator, which, in turn, impairs formation of the terminator. The antiantiterminator would be stabilized by the binding of some unknown factor when methionine is available. This set of genes, including the cysH operon, was proposed to form a regulon controlled by a global termination system, which was designated the S box system, as most of the genes are involved in sulfur metabolism (7) .
In the work presented here we analyzed the transcription of the cysH operon under a variety of nutritional conditions. We propose that cysteine biosynthesis in B. subtilis is negatively regulated by a still-unknown transcriptional repressor. We also suggest that cysteine downregulates the pathway by inhibiting the synthesis of OAS, a direct cysteine precursor and possibly an inducer of gene expression.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table 1 . E. coli and B. subtilis strains were routinely grown in LuriaBertani broth (28) . Antibiotics were added to media at the following concentrations: ampicillin, 100 g ml
Ϫ1
; chloramphenicol, 5 g ml
; erythromycin, 1 g ml
; spectinomycin, 100 g ml
. Spizizen salts (30), supplemented with 0.4% glucose and the required L-amino acids for particular strains, were used as the minimal medium for B. subtilis. In nutritional studies where different sulfur sources were tested, MgSO 4 and (NH 4 ) 2 SO 4 were replaced by equimolecular amounts of MgCl 2 and NH 4 Cl, respectively (sulfur-free minimal media). Glutathione (1 mM), Na 2 S 2 O 3 (0.5 mM), methionine (1 mM), and cysteine supplied as cystine (1 mM) were used as sulfur sources for B. subtilis. Medium was adjusted to pH 6.8 before being autoclaved in experiments testing in vivo effects of OAS to minimize the conversion of OAS to NAS. RNA analysis. Total B. subtilis RNA from cells grown in minimal media with different sulfur sources was isolated as previously described (26) . For Northern blot analyses, 10 g of total RNA was separated under denaturing conditions in a 1.2% agarose gel containing 1.1% formaldehyde and transferred to Hybond C membranes (Amersham). RNA blots were hybridized with 32 P-labeled DNA fragments using random hexanucleotides as primers for Klenow DNA polymerase. Probe 1 consisted of a 290-bp HincII-BglII fragment from pBS175 (14) which included the 5Ј end of cysH. Probe 2 was a 1,010-bp fragment obtained by PCR amplification from the chromosome of strain JH642 using the oligonucleotides EcoCE and HindCE ( . Final washing of the membranes was conducted at 65°C in 0.1ϫ SSPE-0.1% SDS. Radioactive signals were detected by exposing the nitrocellulose membranes to X-OMAT film. The size of the cys transcript was determined by comparison with RNA molecular weight standards (Promega). Equivalent loadings of RNA on blots were verified by probing the membranes with probe 3, a 397-bp fragment complementary to the B. subtilis accB gene (16) . Probe 3 was obtained by PCR amplification from the chromosome of strain JH642 using the oligonucleotides ACCB1 and ACCB2 (Table 2 ). Hybridization and washing conditions were the same as described above.
Genetic techniques. Plasmid preparations, restriction enzyme digestions, and agarose gel electrophoresis were carried out according to methods described by Sambrook et al. (28) . E. coli competent cells were transformed with supercoiled plasmid DNA by using the calcium chloride procedure (28) . Transformation of B. subtilis was carried out by the method of Dubnau and Davidoff-Abelson (5). The amy phenotype was assayed, with colonies grown during 48 h in LuriaBertani starch plates, by flooding the plates with 1% I 2 -KI solution (29) . amy ϩ colonies produced a clear halo, while amy colonies gave no halo.
Construction of lacZ fusions. To construct transcriptional fusions of different regions of the 5Ј ends of cysH and lacZ, the integrational plasmid pJM116 was used (4) . DNA fragments were generated by PCR using the oligonucleotides shown in Table 2 . Plasmid pMC2 (14) , which contains the wild-type cysH promoter and the complete mRNA leader region, was used as the template DNA. Fusion constructs were verified by DNA sequencing. The cysH-lacZ wild-type fusion contained in pMC530 was constructed using primers CYS116 and CYS662 (Table 2) , which generate KpnI and BamHI sites located 530 bp upstream and 23 bp downstream of the translational start of cysH, respectively. For the construction of plasmids pMC374, pMC328, and pMC276, primer CYS662 was used in combination with primers CYS269, CYS314, and CYS363, which generate HindIII sites at 374, 328, and 276 bp upstream from the translational start of cysH, respectively, with the same end point as that of the wild-type fusion. Plasmid pMC181 is a derivative of pMC530 in which the cysH sequences upstream of the EcoRI site located at position Ϫ181 of the translational start point were deleted. The xyl promoter (10) from plasmid pRDC9 was cloned into the EcoRI-HindIII sites of pMC276, generating plasmid pMC276X, which contains the S box sequences downstream of the xyl promoter. The fusion contained in plasmid pMC311 was generated using primers CYS116 and CYS326, which generated HindIII and BamHI sites 530 and 311 bp upstream of the cysH translational start, respectively. The fusion contained in plasmid pMC249 was generated using primers CYS228 and CYS382, which generated HindIII and BamHI sites 414 and 249 bp upstream of the cysH translational start, respectively, resulting in deletion of helices 1 to 5 of the S box.
Construction of strain MCD80. Strain MCD80 was constructed by replacing the Tn917LTV1 insertion of MC2620 (14) with a 2-kb mini-Tn917 element, by recombination with plasmid p917::Sp (31 ␤-Galactosidase assays. B. subtilis strains harboring cysH-lacZ fusions were grown in sulfur-free minimal media containing either glutathione (as a poor sulfur source) or cysteine (as a rich sulfur source). Cells were collected by centrifugation and resuspended in sulfur-free minimal media supplemented with the appropriate compounds, as described in Results. Samples were taken at 1-h intervals after resuspension and assayed for ␤-galactosidase activity as previously described (14) . The specific activity was expressed in Miller units (MU) (17) .
Computer analysis. RNA secondary structure predictions were made with the MFold program (version 3.0) (34), using the Macfarlane Burnet Centre for Medical Research resources. Nucleotide and protein sequences were analyzed using the BLAST and PSI-BLAST programs (1, 2) . DNA sequence pattern searches were done with the SEARCH PATTERN tool of the SubtiList World Wide Web server (19) . A neural network-based program was used to find possible transcription promoters (27) .
RESULTS
cysH belongs to a 6-kb operon. The clustering of the cysH, cysP, ylnB, ylnC, ylnD, ylnE, and ylnF genes (Fig. 1A) and their functional relation suggest that these seven genes form a single transcriptional unit. To verify the operon structure and to test whether its transcription is regulated by sulfur limitation, Northern blot analysis was performed. Total cellular RNA was isolated from cultures of strain JH642 (Table 1) grown on glutathione or thiosulfate as sulfur source. The RNA was hybridized with two 32 P-labeled probes. Probe 1 included a 290-bp fragment covering the 5Ј end of cysH, while probe 2 covered a 1-kb fragment including ylnE and the 5Ј end of ylnF (Fig. 1A) . The larger RNA species detected with probe 1 also hybridized with probe 2 (Fig. 1B) . This mRNA species could correspond to a 6.1-kb transcript starting upstream of cysH and ending downstream of ylnF. These signals were not evident when the cells were grown with thiosulfate as a sulfur source (Fig. 1B, probes 1 and 2, lane 1) , confirming previous results of transcriptional regulation of the cysH gene based on ␤-galactosidase assays (14) . In addition, these experiments show that expression of the genes contained in the 6.1-kb operon is clearly coordinately regulated with that of cysH.
Probe 1 also revealed another RNA species of 4.8 kb in conditions of sulfur starvation (Fig. 1B) . The differential pattern obtained with both probes could be due to the processing of the 6.1-kb transcript. In fact, analysis of the DNA sequence of the operon using the MFold program (34) predicted the formation of a complex secondary structure that could be a cleavage site for endoribonucleases between ylnD and ylnE (Fig. 1A) . Cleavage at this structure could yield RNA species of 4,794 and 1,280 bp. The inability of probe 2 to detect the 1.2-kb RNA species could be due to instability of the transcript (Fig. 1B, probe 2, lane 2) . CYS662 (REV)...........................................................................................................CGTTGGAtCcTCCCAATTATC  CYS382 (REV)...........................................................................................................AGTCCCggAtCCGCTCTTGATAAGTTTTTAG  EcoCE..........................................................................................................................AACATTAGAATTCCGAGTTTAATTGTCATTGG  HindCE (REV)...........................................................................................................GCAGCGTGCTTGAAGCTTGTGCAGC  ACCB1.................................................................................................................... Induction of cysH expression in response to cysteine starvation. To monitor the response of the cysH operon to nutritional conditions, a cysH-lacZ transcriptional fusion bearing the complete leader region, postulated to be involved in regulation of sulfur metabolism, was constructed (plasmid pMC530; Fig. 2 ). Construction of strain MC530 (Table 1) , containing an insertion of this fusion into the amyE locus, permitted measurement of ␤-galactosidase expression without perturbation of the cysH gene function. As shown in Table 3 , expression of this fusion was induced by starvation of cysteine. Induction was on the order of 4.9-fold after 4 h of starvation. Starvation for phenylalanine under similar conditions gave no induction, indicating at least partial specificity (data not shown). In cells induced by growth on minimal medium containing a poor sulfur source, such as glutathione, the level of ␤-galactosidase activity decreased after the addition of cystine to the growth media (data not shown). As shown in Table 3 , the strains containing the ectopic lacZ fusions showed somewhat high levels of ␤-galactosidase activity in the presence of cystine. We have previously reported that a cysH-lacZ fusion introduced into the cysH locus causes sevenfold-llower levels of ␤-galactosidase activity and is strongly repressed in the presence of cystine (14) . Therefore, the chromosomal location of the cysH promoter seems to have some effect on cysH expression.
It has been proposed that the B. subtilis cysH operon forms part of a regulon, together with genes involved in methionine biosynthesis, whose expression is controlled by a global termination system (7). As cysteine is a precursor of methionine (22) , it became unclear whether the regulation of the cysHlacZ fusion in strain MC530, which is a methionine prototroph, was a result of cysteine or methionine starvation. To answer this question, the cysH-lacZ fusion contained in pMC530 was introduced into strain BR151 (Table 1) , which is unable to synthesize methionine owing to a mutation in the metB gene, encoding homoserine O-acetyltransferase. This strain was named MC-MET530 (Table 1) . Expression of the fusion contained in strain MC-MET530 was induced sixfold in the absence of both methionine and cystine (Table 4 ). The addition of cystine or cystine plus methionine to the growth media repressed the expression of the cysH-lacZ fusion (Table 4) . However, methionine, in the absence of cystine, could only partially repress cysH transcription, reducing ␤-galactosidase values by 30% (Table 4) . These results show that transcription of the cysH operon is tightly repressed by cystine but not by methionine, thus suggesting that regulation of expression of the cysH operon is different from that of other members of the S box, which are strongly repressed by methionine (7).
YlnE is not required for cysH transcription. The products of all the ORFs included in the cysH operon, except ylnE, display obvious homology to known proteins involved in cysteine biosynthesis. The deduced amino acid sequence of YlnE shows low similarity to that of NirR of S. carnosus, a protein necessary for transcription of the nir operon, which is involved in nitrite reduction (20) . Interestingly, S. carnosus nirR is located between two genes, sirB and sirA, which are similar to ylnD and ylnF of B. subtilis, respectively (20) . However, unlike NirR, YlnE does not display homology to the central domain of the transcriptional activator NifA of Bradyrhizobium japonicum (residues 349 to 419), which is involved in an interaction with 54 (18) . To test whether YlnE could be a transcriptional activator, as is its homolog NirR, we constructed strain MCD80, as described in Materials and Methods. This strain, a derivative of MC2620 (Table 1) , possesses a Tn917 insertion disrupting cysH that exerts a polar effect on the expression of ylnE, as seen in Northern blot experiments (Fig. 1B, probes 1  and 2, lane 3) . MCD80 was transformed with pMC530 to yield MCD530. We have found that the expression levels of the cysH-lacZ fusion contained in ylnE strain MCD530 were essentially the same as those found in ylnE ϩ strain MC530 growing in minimal media supplemented either with a poor sulfur source or with cystine (Table 3) . These results indicate that YlnE is not required for transcriptional regulation of the cysH promoter.
Analysis of the 5 region of the cysH promoter required for sulfur regulation. To determine how the cysH operon is regulated at the level of transcription, we attempted deletion analysis of the upstream region of cysH. Several cysH-lacZ transcriptional fusions were constructed using promoterless lacZ vector pJM116 as shown in Fig. 2 . One series contained fragments of the cysH upstream region of different lengths, from bp Ϫ530, Ϫ374, Ϫ276, and Ϫ181, all of them ending at bp ϩ23 of the cysH start codon (Fig. 2) ; the fragments were contained in plasmids pMC530, pMC374, pMC276, and pMC181, respectively. The fusion contained in pMC311 covers the cysH upstream region from bp Ϫ530 to Ϫ311 of the cysH translation initiation site (Fig. 2) . These fusions were recombined into the amyE locus of strain JH642. Transformed cells were grown in sulfur-free minimal media containing cystine, and the induction of ␤-galactosidase activity after cystine starvation was measured. As seen in Table 3 , while strains containing plasmids pMC530 and pMC374 showed similar induction levels after sulfur deprivation, strains bearing fusions contained in plasmid pMC181, pMC311, or pMC276 did not show ␤-galactosidase activity under similar conditions. These results indi- a Cells were grown in sulfur-free minimal media containing cystine; the culture was then washed, split, and grown in the presence (ϩ) or absence (Ϫ) of cystine. Samples were taken 4 h after cultures were split.
b Induction ratio was defined as the ratio of ␤-galactosidase activity of cells growing in the absence of cystine to that of cells growing in the presence of cystine.
c nd, not detectable. Fig. 3 ). The position deduced for the functional promoter coincides with the putative A type promoter previously suggested by Grundy and Henkin (7) . The transcription initiation site would be located 278 bp upstream of the cysH start codon, thus confirming the previous assumption that the cysH operon contains an RNA leader region with strong homology with the other S box leaders (7) . The leader region is not required for cysteine repression of cysH transcription. It was proposed that the leader region of the S box family folds into two alternative structures (7) . One of these structures contains an intrinsic transcriptional terminator (helix 5, Fig. 4 ), preceded by a complex structure. The pairing of the 3Ј segment of helix 1 with sequences on the 5Ј side of the terminator results in the formation of an antiterminator structure. Deletion of the terminator involved in premature transcription termination resulted in constitutive, highlevel expression of the B. subtilis methionine-controlled yitJ gene (7) . To test whether deletion of the putative terminator located in the 5Ј end of the cysH gene results in constitutive expression of the operon, we constructed plasmid pMC249, which lacks DNA sequences downstream of helix 1 of the cysH leader region (Fig. 2) . Expression of this fusion in the met strain MC-MET249 (Table 1) was repressed by cystine ( Table  4 ). The addition of methionine to the growth medium, in the absence of cystine, resulted in a slight reduction of ␤-galactosidase activity in a pattern very similar to that observed in strain MC-MET530, which possesses a cysH-lacZ fusion containing the complete S box (Table 4 ). These results indicate that (i) the response to cysteine starvation was independent of the putative transcription terminator and (ii) the slight repression of cysH transcription mediated by methionine is not related to the S box sequences. The effect of methionine on cysH expression could be attributed to cysteine production derived from the sulfur moiety provided by methionine degradation (32) .
We also determined that the expression of a lacZ fusion in strain MC-MET276X (Table 1) , which contains the cysH putative S box (helices 1 to 5, Fig. 4 ) downstream of the xyl promoter, instead of the cysH promoter, was not regulated by the sulfur source (Table 4 ). This result confirms that the cysH promoter is required for sulfur regulation and that neither cysteine nor methionine controls the cysH operon at the level of premature termination of transcription. (Fig. 2) . The cysH leader could form two alternative structures: terminator and antiterminator forms. The terminator form is shown. Helix 1 is the antiantiterminator, while helix 5 is the intrinsic terminator. The antiterminator is derived from pairing sequences on the 3Ј side of helix 1 with sequences on the 5Ј side of helix 5 (boldface). Dashed arrow, continued transcription.
VOL. 182, 2000 CONTROL OF L-CYSTEINE BIOSYNTHESIS IN B. SUBTILIS 5889
To gain insight into the mechanism of regulation of the cysH operon, we introduced a series of deletions upstream of the cysH promoter (data not shown). We found that strain MC328 (Table 1) , which contains a cysH-lacZ fusion with a deletion of the 5Ј region adjacent to the Ϫ35 sequence of the promoter but which comprises the complete S box sequences, shows constitutive high-level expression during growth in the presence or in the absence of cystine (Table 4) . This result strongly suggests that the region between nt Ϫ96 and Ϫ50 of the cysH transcription initiation site may act as a site of interaction for a stillunknown negative regulatory factor. This deleted region (lowercase letters) comprises the middle of a 25-nt symmetric sequence (5Ј-TTTTTTTATtaatcctATAAAAAAA-3Ј) (Fig. 3) . DNA sequences with twofold rotational symmetry have been reported to act as operator sites that are recognized by symmetric proteins (23) . Thus, this DNA sequence positioned between nt Ϫ63 and Ϫ39 of the transcription initiation site is a good candidate to be the cysH operator site.
OAS is an inducer of expression of the cysH operon. Transcription regulation of the E. coli cysteine regulon occurs at the level of initiation, and the presence of both NAS and the regulator CysB are necessary for transcription activation (11) . To test whether OAS is required for expression of the B. subtilis operon, we introduced the cysH-lacZ fusion contained in plasmid pMC530 into strain 1A3, which is an auxotroph for OAS. The resultant strain was named 1A3-530 (Table 1) . As seen in Fig. 5 , the ␤-galactosidase levels of strain 1A3-530 are low for both sulfur-starved and cystine-supplemented cells, indicating that in the absence of OAS synthesis expression of cysH is not induced by sulfur deprivation. Addition of OAS increases 2.7-fold the expression of the cysH-lacZ fusion by sulfur-starved cultures of strain 1A3-530 (Fig. 5) . This OASmediated cysH transcriptional activation is not repressed by cystine (Fig. 5) . Thus, the OAS effect on cysH transcription is independent of sulfur starvation and insensitive to cystine repression. It therefore appears that OAS, or its derivative NAS, is necessary for transcription from the cys promoter. These results also indicate that cystine is unable to repress transcription of the cysteine biosynthetic genes in cells which are continuously exposed to the transcriptional activator OAS. This assumption was confirmed using strain MC530 (Table 1) , which is able to synthesize OAS. In this case exogenous OAS did not increase the ␤-galactosidase activity of sulfur-starved cells but reduced, to some extent, the repression of cysH expression by the addition of cystine, causing a 2.5-fold induction of transcription (Fig. 5) . Therefore, cysteine may exert a negative effect on the expression of the cysH operon via interference with OAS synthesis rather than directly acting as a repressor (or corepressor) of the transcription of the genes involved in the cysteine biosynthetic pathway.
DISCUSSION
In this study we have shown that in B. subtilis the genes cysH, cysP, ylnB, ylnC, ylnD, ylnE, and ylnF form part of an operon which is transcriptionally regulated by the sulfur source. This operon, which we named cysH because this gene was the first one functionally characterized in the cluster (14) , is induced by sulfur starvation and tightly repressed by cysteine. Deletion analysis of the upstream region of cysH confirmed the suggestion that the sulfur-regulated promoter is located upstream of a 278-nt leader region with strong homology to the S box family (7) . It has been reported that this leader region is crucial for regulation of the yitJ gene, which is presumably involved in the synthesis of methionine (7) . Analysis of the yitJ gene revealed that its expression is induced by methionine starvation and that induction is independent of the promoter and dependent on the leader region terminator (7). Thus, it was proposed that cysH operon expression could be regulated by a global transcription termination control analogous to that suggested for methionine biosynthesis. In this work we have demonstrated that expression of the cysH operon is not induced by methionine starvation and does not require the S box leader region. This could be due to the less-negative value of predicted free energy of formation (⌬G°) of the cysH terminator (⌬G°ϭ Ϫ1.5 kcal mol Ϫ1 ) compared with those of other members of the S box (yitJ terminator ⌬G°ϭ Ϫ7.6 kcal mol Ϫ1 ; ykrT terminator ⌬G°ϭ Ϫ18 kcal mol Ϫ1 ). As the cysH antiterminator possesses a considerably negative predicted ⌬G°(Ϫ8.9 kcal mol Ϫ1 ), termination would be impaired, independently of the available sulfur sources. Therefore, although the cysH operon has been classified as a member of the S box family, its expression is controlled by a mechanism different from that proposed for the S box regulon. In addition, no nucleotide sequence similarity to the leader regions of the S box genes was found in the upstream regions of the B. subtilis yvgR and yvgQ genes, which are similar to the subunits of the E. coli sulfite reductase (13), or ssuB genes, involved in sulfonate utilization (J. R. van der Ploeg and T. Leisinger, Abstr. 10th Int. Conf. Bacilli, abstr. P25, 1999). This suggests that the S box transcriptional antitermination system is not implicated in the control of the first steps of assimilation of organic and inorganic sulfur sources to yield cysteine.
We also report here that the region upstream of the cysH promoter from bp Ϫ96 to Ϫ50 of the transcription initiation site is required for sulfur repression of the operon. Deletion of this 46-bp region causes the loss of half of a nearly symmetric sequence (Fig. 3) , resulting in constitutive expression of a cysH-lacZ fusion (MC328; Table 4) even in the presence of cysteine. This result demonstrates that this region acts as a negative cis element. Therefore, we propose that a cis-acting sequence located upstream of the Ϫ35 region of the cysH promoter is a target (an operator) for a transcriptional repressor.
Among the genes cotranscribed with cysH, ylnE shows no obvious homology with genes involved in sulfur utilization. Although the deduced amino acid sequence of YlnE shows homology with the transcriptional activator NirR of S. carnosus, here we demonstrated that its presence is not essential for cysH transcription. We also found that YlnE shows homology with the CbiX protein of B. megaterium (GenBank accession no. CAA04308; 33% identity, 51% homology). In B. megaterium this protein is involved, together with cysG, in cobalt insertion into uroporphyrinogen III to form Co-precorrin-2, a precursor of cobalamin (25) . The genes ylnD and ylnF of B. subtilis, which are located upstream and downstream of ylnE, respectively, code for two proteins homologous to the carboxy and amino termini of the product of E. coli cysG, respectively (33) . The physical proximity of these three genes in B. subtilis and the fact that no other ORF in its genome displays homology to CbiX suggest that YlnE could participate in cobalamin biosynthesis. Functional characterization of YlnE as well as of the physiological role of the RNA endonucleolytic cleavage that seems to take place between ylnD and ylnE (Fig. 1A) remains to be determined.
Another important conclusion from the present work is that OAS increases the expression of the B. subtilis cysH operon. Moreover, the transcriptional activation of a cysH-lacZ fusion produced by the addition of OAS to a B. subtilis OAS auxotroph was not blocked by the simultaneous addition of cysteine (Fig. 5) . In S. enterica serovar Typhimurium cysteine and sulfide almost completely abolish induction of the cysteine regulon by exogenous OAS (21), indicating that both OAS and sulfur limitation are necessary for derepression. Thus, it was suggested that cysteine, sulfide, or some other sulfur metabolite interferes with the effect of the inducer in S. enterica serovar Typhimurium. If OAS is an inducer of cysH expression in B. subtilis, the negative effect of cysteine on cysH transcription could be due to interference with the synthesis of OAS. It is worth noting that expression of the B. subtilis cysE gene coding for serine transacetylase, the enzyme that catalyzes the acetylation of L-serine by acetyl-coenzyme A to give OAS, is repressed by a cysteinyl-tRNA-directed transcription termination mechanism (6).
In conclusion, we propose that in the regulation of cysteine biosynthesis the inhibition of transcription of serine transacetylase by cysteine is coupled with a system of negative gene regulation, in which OAS derepresses the expression of the cysH promoter (Fig. 6) . In conditions of cysteine starvation the uncharged cysteinyl-tRNA interacts with the leader region of the nascent transcript of cysE (T box; Fig. 6 ) to promote the formation of the antitermination structure, preventing terminator formation (8) . Expression of cysE should result in an increase in the intracellular levels of OAS, which in turn would act as a cysH inducer, possibly by promoting the dissociation of a transcriptional repressor from its operator (CysR; Fig. 6) , allowing high-level expression of the operon. When cysteine becomes available the aminoacylation levels of cysteinyl-tRNA should increase; this would promote transcription termination of cysE (Fig. 6 ). In addition, cysteine could act as an inhibitor of serine transacetylase activity, as has been reported for S. enterica serovar Typhimurium (3), lowering OAS synthesis. The decreased intracellular levels of OAS would allow binding of CysR upstream of the cysH operator, shutting off the transcription of the cysH operon. Further analysis of this control mechanism, as well as the identification of the putative repressor, will be of great interest.
